Genetic connectivity studies can inform the design of mitigation strategies used in environmental management. However, the expense of developing species-specific molecular markers and collecting samples at appropriate spatial and temporal scales can be prohibitive. Using archived material and existing molecular markers may provide a cost-effective way to assess population connectivity. Genetic connectivity studies are increasingly in demand in the deep sea in response to mounting anthropogenic pressures, including seafloor massive sulfide (SMS) mining. The feasibility of using archived material was assessed using the New Zealand-endemic vent mussel Gigantidas gladius, which inhabits areas licensed for the prospecting phase of SMS mining. Four molecular markers were tested, but only one (mitochondrial COI) provided suitable sequences. Of 942 specimens, only 150 individuals were informative, largely due to poor tissue quality of archived samples. Seven populations spanning the distributional range of G. gladius were assessed. The results indicate that G. gladius has high levels of gene flow among sites 10 to 100 s km apart and limited genetic structure. Haplotypic diversity was not equally distributed among populations, with lower diversity for the Macauley Volcano population at the northern extent of the species distribution and greater diversity within central populations. Migrant exchange was also greatest between central populations, with one population at Rumble V Seamount appearing important in terms of maintaining genetic diversity within the Kermadec Volcanic Arc region. However, interpretation of the results should be viewed with caution as small sample sizes may have limited the ability to detect genetic structure. Despite these limitations, mitigation strategies that protect areas of seabed from mining activities should consider the genetic vulnerability of the population at the northern edge of the species' distribution and the significance of certain central populations.
Genetic connectivity studies can inform the design of mitigation strategies used in environmental management. However, the expense of developing species-specific molecular markers and collecting samples at appropriate spatial and temporal scales can be prohibitive. Using archived material and existing molecular markers may provide a cost-effective way to assess population connectivity. Genetic connectivity studies are increasingly in demand in the deep sea in response to mounting anthropogenic pressures, including seafloor massive sulfide (SMS) mining. The feasibility of using archived material was assessed using the New Zealand-endemic vent mussel Gigantidas gladius, which inhabits areas licensed for the prospecting phase of SMS mining. Four molecular markers were tested, but only one (mitochondrial COI) provided suitable sequences. Of 942 specimens, only 150 individuals were informative, largely due to poor tissue quality of archived samples. Seven populations spanning the distributional range of G. gladius were assessed. The results indicate that G. gladius has high levels of gene flow among sites 10 to 100 s km apart and limited genetic structure. Haplotypic diversity was not equally distributed among populations, with lower diversity for the Macauley Volcano population at the northern extent of the species distribution and greater diversity within central populations. Migrant exchange was also greatest between central populations, with one population at Rumble V Seamount appearing important in terms of maintaining genetic diversity within the Kermadec Volcanic Arc region. However, interpretation of the results should be viewed with caution as small sample sizes may have limited the ability to detect genetic structure. Despite these limitations, mitigation strategies that protect areas of seabed from mining activities should consider the genetic vulnerability of the population at the northern edge of the species' distribution and the significance of certain central populations.
INTRODUCTION
The deep sea is subject to an increasing number of anthropogenic pressures (Ramirez-Llodra et al., 2011) . These pressures include deep-sea mining for resources such as cobalt-rich crusts, polymetallic nodules, and seafloor massive sulfide (SMS). Of these, SMS deposits are expected to undergo exploitation before 2020 (Baker and Beaudoin, 2013) . SMS deposits form through hydrothermal activity and exhibit a patchy distribution along seafloor tectonic margins, with deposits occurring on average every 100 km along the oceanic plate boundaries (Hannington et al., 2011) . Active deposits support chemosynthetic communities restricted to hydrothermally active areas; many of these hydrothermal fauna have limited distributions and are endemic to one region, such as the crab Kiwa tyleri, endemic to the East Scotia Ridge in the Southern Ocean (Marsh et al., 2012 (Marsh et al., , 2015 and the gastropod Ifremeria nautilei, restricted to three basins in the southwest Pacific (Bouchet and Warén, 1991; Thaler et al., 2011) . Such limited distributions make these species particularly vulnerable to disturbance. However, there are many unknowns associated with the ecology of seabed communities found at SMS deposits, including the population connectivity of key species.
SMS mining activity is expected to remove all organisms inhabiting the area to be mined (Van Dover, 2011 , 2014 , potentially influencing the persistence of vent species in the region. To ensure vent populations remain sufficiently connected to sustain regional genetic diversity and to facilitate any repopulation of the mine site, it is important to assess the genetic structure and connectivity of populations of species vulnerable to mining disturbance. Connectivity patterns can provide important information on the sources and sinks of genetic diversity within the region and can be used to inform decisions on suitable preservation or "set-aside" areas to mitigate the effects of mining. For example, connectivity patterns of I. nautilei at SMS deposits in the Manus Basin identified the proposed set-aside site as an important source population in the region (Thaler et al., 2011) , whilst in the deep sea, connectivity patterns of the quill worm Hyalinoecia longibranchiata within the New Zealand Exclusive Economic Zone (EEZ) raised questions on the suitability of existing Benthic Protection Areas (Bors et al., 2012) .
To conduct genetic connectivity studies, many different marker types are available, based on an assessment of variation in allozymes, nuclear DNA, and organelle DNA, such as mitochondria (Hellberg et al., 2002; Liu and Cordes, 2004; Freeland, 2005) . Each marker type has advantages and disadvantages, such as the relative cost, time and expertise required for development. Some markers are "generic" and can be applied to multiple taxa. For DNA sequencing, these include the mitochondrial cytochrome c oxidase subunit I (COI) and the nuclear internally transcribed spacer region (ITS), which are amplified with generic primers (White et al., 1990; Folmer et al., 1994) . For DNA fragment analysis they include primers for amplified fragment length polymorphisms (AFLPs), randomly amplified polymorphic DNA (RAPDs) and sequence-related amplified polymorphisms (SRAPs).
Other species-specific markers require more investment in development and characterization, such as microsatellites and single nucleotide polymorphisms (SNPs). Typically, suitable markers for population genetic connectivity studies must demonstrate intraspecific variation, be neutral (i.e., not subject to selection pressures), and have a known means of inheritance (Hellberg et al., 2002) .
For assessments to be informative, sufficient individuals must be sampled from multiple populations spanning the geographic range of interest. However, obtaining sufficient fresh samples can be challenging, particularly within the marine environment, where the cost of sampling generally increases with depth and distance from shore. This challenge can be problematic in the deep sea, where financial and technical demands (such as vessel costs and the need for specialized sampling equipment) can inhibit collection of fresh material, restricting the spatial, and temporal coverage of samples. In the case of SMS mining, the first wave of exploitation is expected to occur within the EEZs of Pacific Island nations. Most of these nations have limited resources and the cost of collecting new samples at a range of spatial scales and developing new molecular markers could restrict the use of genetic connectivity studies. Although mining contractors would be expected to cover the cost of studies at prospective mine sites, connectivity studies outside of the mining lease area would not be sponsored. Regional-scale studies are essential for understanding the connectivity of vent organisms at meaningful biological spatial scales; cost-effective methods could enable large-scale studies to be conducted in resource-limited situations.
An alternative to obtaining fresh samples is to use archived material collected over many years and curated in national biological collections. Although this material has potential drawbacks, such as incomplete specimen records, small sample sizes, and occasionally low quality DNA (Wandeler et al., 2007) , it is less expensive than obtaining fresh material and could provide a collection of samples with suitable temporal and spatial coverage for genetic connectivity studies. Using generic molecular markers that can be applied to multiple taxa would overcome the expense and expertise required to develop new species-specific markers, which could be beneficial for scientists in nations where resources and expertise are limited.
Multiple areas within the New Zealand EEZ have been licensed for the prospecting phase of SMS mining 1 (Figure 1) , but there is currently limited information on the population connectivity of species and assemblages which could be impacted. The mineral worth of New Zealand SMS deposits, which are rich in copper, zinc, gold, and silver (De Ronde et al., 2011) is balanced by their biological value, with the deposits and the surrounding seabed supporting a wide range of benthic assemblages (Boschen et al., 2015) . These assemblages include chemosynthetic species (Clark and O'shea, 2001; Rowden et al., 2003) such as the vent mussel Gigantidas gladius, which is often very abundant (Figure 2 ) but is potentially vulnerable to disturbance from mining activity. G. gladius was chosen for this study because it inhabits multiple sites of active hydrothermal venting where licenses for the prospecting phase of SMS mining have been issued. As a vent obligate species endemic to the New Zealand EEZ (Von Cosel and Marshall, 2003) , any disturbance from mining activities could be particularly detrimental to the persistence of the species. Assessing the population genetic connectivity of species that are representative of vent systems is essential for designing management strategies to mitigate the impacts of mining on biodiversity within the Kermadec Volcanic Arc region.
MATERIALS AND METHODS

Rationale
This study assesses the feasibility of using generic markers and archived material in genetic connectivity studies through populations of the hydrothermal vent endemic mussel G. gladius from within the New Zealand EEZ. G. gladius was chosen for this study because it is well represented as archived material in the NIWA Invertebrate Collection (NIC) and samples span the entire known species' distribution (Figure 1 ) from Macauley Volcano in the north to Calypso Vents in the south (830 km distance and ∼7.5 • of latitude), enabling the connectivity of all currently known populations to be assessed. The collections encompass more than a decade (November 2000-October 2012) of sampling across a substantial depth range (191-884 m) , enabling the investigation of connectivity over time and depth, as well as geographical space ( Table 1, Table S1 ). Off-the-shelf extraction kits were used in the study as low-tech cost-effective options that would be suitable for use by scientists in nations where resources and expertise are limited. Generic markers were chosen as alternatives to the development of species-specific markers, enabling the feasibility of their use in low-cost connectivity studies to be assessed.
Sampling and DNA Extraction
In total, 942 specimens of G. gladius were cataloged in the NIC as available for tissue sub-sampling. Where shells were available, the shell length of each individual was measured for cohort analysis.
In expectation that different preservation methods and the length of time since sample collection would mean not all individuals had tissue of sufficient quality for genetic analysis (Wandeler et al., 2007) , an initial analysis (DNA extraction, PCR, and sequencing) of six individuals per catalog lot number (sample) from the NIC was used to screen collections of specimens and identify samples with DNA of sufficient quality and quantity for analysis. In total, 792 individuals (84% of those cataloged as available) were unsuitable for genetic analysis (Table S1 ). These included 53 paratypes, 75 preserved in formalin, ∼20 that were too damaged to differentiate individually, 36 too small to dissect successfully, 669 with DNA of too low quality to sequence, as determined by NanoDrop ™ ND-1000 (Thermo Scientific) quantification of DNA concentrations and the A260/A280 ratios, and 16 with sequences too poor to be used in analysis. As valuable taxonomic vouchers, the paratypes were unavailable to the study. A subset of formalin-preserved individuals was initially trialed but DNA extraction using a Genomic DNA Mini Kit (Tissue; Geneaid Biotech Ltd., Taiwan) failed to obtain usable sequences, so formalin samples were excluded from further genetic analysis. Individuals that were too small to dissect (∼5 mm long) had insufficient DNA for successful extraction and so were discarded. As a result, only 150 sequences (16% of the available individuals) from seven locations along the Kermadec Volcanic Arc were available for genetic analysis ( Table 1) . The individuals used for analysis were collected on multiple research cruises using different sampling gear between January 2000 and October 2012 ( Table 1 ). All of the 150 sequences were from individuals fixed and stored in ethanol. A population consisted of all the individuals collected from a discrete sampling location (Table 1 ) and the seven populations used for analysis span the known distributional range of G. gladius; population 1, Macauley Volcano; populations 2, 3 and 4, Rumble V Seamount; population 5, Tangaroa Seamount; population 6, Clark Seamount; and population 7, Calypso Vents (Figure 1 ).
DNA was extracted using a Genomic DNA Mini Kit (Tissue; Geneaid Biotech Ltd., Taiwan) from mantle edge tissue (∼5 mm). Extraction followed the manufacturer's instructions, except that the Proteinase K step was increased from 30 min to 3 h and the GBT buffer step was increased from 20 min to 1 h to increase DNA yield, thus obtaining DNA of sufficient quantity and quality for sequencing. Two alternative DNA extraction kits (ISOLATE II Genomic DNA Kit, Bioline; DNeasy Blood & Tissue Kit, Qiagen) were trialed but as the DNA yield and quality, as measured by NanoDrop ™ quantification of DNA concentrations and the A260/A280 ratios, was similar among kits, the Genomic DNA Mini Kit was selected for all further extractions as the most cost effective option.
DNA Sequencing-PCR Conditions and Primers
Four DNA regions were investigated; mitochondrial COI, mitochondrial NADH4, nuclear ITS, and nuclear 28S. Primers used in this study were predominantly "generic, " being both widely available and applicable to multiple taxa. Primers and PCR cycle regimes are detailed in Table 2 . PCRs were undertaken using a MultiGene ™ gradient thermocycler (Labnet International Inc., USA). The PCR mixture consisted of 2 µl of 20-50 ng/µl DNA, 0.45 µl each of 10 µM forward and reverse primers (Integrated DNA Technologies, Singapore), 0.10 µl of 5.5 U µl −1 Fisher BioReagents ™ Taq DNA polymerase (Thermo Fisher Scientific Inc., USA), 1.50 µl of the supplied 10x buffer, 0.6 µl of 5 mM dNTP, 1.2 µl of 25 mM MgCl 2 , and 0.60 µl 10 mg ml −1 bovine serum albumin (BSA). Total reaction volume was made up to 15 µl using 8.10 µl of double distilled H 2 O. PCR products were visualized on a 1% agarose gel prepared with 0.5 g agarose and 50 ml 0.5x TBE buffer. Gel band size was calculated using the molecular ladder Hyperladder ™ 100 bp (Bioline, UK). PCR products were loaded onto the gel using 5x loading buffer (Bioline, UK). Gels were imaged using an Essential V2 UV transilluminator (Uvitec, Cambridge). All PCR products were cleaned prior to sequencing using ExoSAP-IT R (Affymetrix, USA) following manufacturer's instructions, except that only half the recommended volume of ExoSAP-IT R was required to produce sufficiently clean PCR products. Sanger ABI sequencing of cleaned PCR products was undertaken by Massey Genome Service (Massey University, New Zealand) on an ABI 3730 (Applied Biosystems Inc., USA). All individuals were sequenced using the forward primer. For quality control purposes, mussel-specific haplotype designations were checked by repeat sequencing of 12 individuals.
Data Analysis
Sequences were aligned and edited using Geneious 6.06 software 2 with default settings for Geneious alignment; 65% similarity (5.0/-4.0) cost matrix, gap open penalty 12, gap extension penalty 3, global alignment with free end gaps. Sequence ends were trimmed to obtain sequences of 586 bp length and miscalls were manually replaced by visually assessing peak height; ambiguous bases were replaced with the base that had the highest peak at that site. The base(s) characterizing each haplotype were checked for adequate peak height and differentiation. Haplotype validity was further checked by pairwise alignment in Geneious of the 12 duplicate sequences.
The Geneious alignment in fasta format was used as an input file for FaBox (Villesen, 2007) . Basic haplotypic diversity statistics for the seven populations were generated in FaBox and the project file was used as the input file for analyses using Arlequin v3.5.1.2 (Excoffier et al., 2005) . To assess whether sufficient individuals were sampled to capture the haplotypic diversity of the seven populations, rarefaction curves (per population and 2 http://www.geneious.com/. overall) were calculated in RarefactWin 3 and plotted in Excel 2013. To visualize the connectivity of and relationships among haplotypes, a minimum spanning haplotype network (Bandelt et al., 1999) was generated using Popart 4 , with the default epsilon value (0). The network was generated using the fasta file of the Geneious alignment, converted to nex format in DnaSPv5 (Librado and Rozas, 2009 ). Haplotype pie charts for each population were generated in Excel 2013 and plotted over a base map in ArcMap 10.1 (Environmental Systems Research Institute, USA) to display the haplotype distribution along the Kermadec Volcanic Arc. Analysis of Molecular variance (AMOVA) tests (Excoffier et al., 1992) in Arlequin were used to investigate the effect of metapopulation (all seven populations combined), location (North, Central or South Kermadec Volcanic Arc), year, and depth of collection on genetic connectivity among populations ( Table 3) . AMOVAs were performed using standard AMOVA computations (haplotypic format) and conventional F-statistics ( -statistics for DNA sequence data). Additional AMOVAs were conducted on population 4 (Station 59, Rumble V Seamount), population 5 (Station 17, Tangaroa Seamount) and combined population 4 and 5 to investigate the effect of age cohort (as determined by individual shell length) on genetic connectivity among individuals sampled from neighboring seamounts in the same year. To assess the effect of geographic distance on genetic connectivity, a Mantel test (Mantel, 1967; Smouse et al., 1986) was performed in Arlequin. The Mantel test was performed with 1000 permutations, the distance matrix was a log of the distance between populations in meters and the ST matrix was based on slatkinlinearfst (Slatkin, 1995) . The number 
RESULTS
Use of Generic Primers
PCR amplification of the NADH4 gene was unsuccessful using the selected primers; no bands (DNA products from the PCR) were visible on a 1% agarose gel. For the 28S gene, the region was successfully amplified but there was no sequence variation among the 20 test individuals, so the gene was not investigated further. The multiple primer pairs used to amplify the ITS region produced sequences of the expected length but the presence of multiple base peaks suggested that duplicate copies of ITS were present within the same individual. One short (200 bp) region of single copy ITS2 produced clean and usable sequences, but there was no variation within the region among the 20 test individuals and so the region was not used for analysis. The universal primers used for COI resulted in 586 bp of good quality sequence for 150 G. gladius individuals distributed across the seven populations.
All analyses of population genetic connectivity were performed using these COI sequences.
Quality Control Tests
To check the observed high levels of haplotypic diversity, 12 individuals were repeat sequenced. Pairwise alignment of duplicate sequences demonstrated 100% identity of musselspecific DNA sequences after ambiguous bases were resolved, indicating that the observed haplotypic diversity was real and not a PCR or sequencing artifact. Repeat sequencing indicated that sequencing using the forward primer was sufficient to FIGURE 3 | Rarefaction curves for haplotype diversity for all Gigantidas gladius individuals (A) and per population (B); populations 6 and 7 were too small for rarefaction analysis.
consistently produce accurate sequences of the appropriate length and that duplicate sequencing using the reverse primer was not necessary. Rarefaction curves of haplotypic diversity were used to assess sampling effort to capture genetic diversity within populations. Curves for all individuals regardless of population ( Figure 3A) did not approach an asymptote, suggesting that insufficient individuals were sampled to capture the full haplotypic diversity of the metapopulation. Similarly, rarefaction curves for individual populations ( Figure 3B ) also did not approach an asymptote. The rarefaction curves for populations 4 and 5 had similar gradients, but the slope for population 3 was steeper and for populations 1 and 2 was shallower than for the other populations. Populations 6 and 7 were too small for rarefaction analysis.
Patterns in Genetic Diversity
In total, 35 mitochondrial DNA COI haplotypes were identified from the 150 individuals across seven populations. This diversity was not evenly distributed (Table 4) , with population 4 having the greatest number of haplotypes, populations 3 and 5 exhibiting intermediate diversity and populations 1, 2, 6, and 7 having the smallest number of haplotypes. In general, COI haplotypic diversity was a function of population sample size, with the notable exception of population 1. Haplotypic diversity was higher in the central part of the Kermadec Volcanic Arc (populations 3, 4, and 5; 13, 19, and 10 haplotypes, respectively) and lower at the northern and southern ends of the sampling range (population 1 and population 5; 2 and 1 haplotypes, respectively) (Figure 4) . Many haplotypes were only observed in one individual (n = 29 or 83% of all haplotypes) with the occurrence of these "private" haplotypes increasing with sample size, again with the exception of population 1 (Figure 5 ). Six haplotypes were shared among populations; haplotypes 3 and 5 were found in all populations, haplotypes 1 and 11 were found in populations 3 and 4, and haplotypes 12 and 20 were found in populations 4 and 5 (Figure 5) . The majority of haplotypes in the network are the result of a single mutational step from the most common haplotype, haplotype 3, or in some cases haplotype 5. Five intermediate haplotypes (represented by a double mutational step) were not sampled from the metapopulation.
There has been extensive migrant exchange among populations along the Kermadec Volcanic Arc. The number of migrants per generation between pairs of populations ( Table 5) was greatest between populations 2 and 3 (both on Rumble V Seamount) and also high between populations 3 and 5 and populations 3 and 6. Populations 5 and 6 occurred on Tangaroa and Clark Seamounts respectively, the two seamounts closest to population 3, on Rumble V. Each population exchanged migrants with at least one other population, with population 3 the only population to exchange migrants with all other populations.
There was limited genetic structure among populations. The AMOVA test of metapopulation identified significant haplotypic variation among populations (Table 6A) , with pairwise testing between populations identifying population 1 (on Macauley Volcano, the most isolated seamount) as being different from populations 3 and 5. Populations 3 and 4 (both on Rumble V Seamount) were also significantly different from each other ( Table 6B) .
Factors Influencing Genetic Diversity
There was no effect of geographical distance on genetic differentiation among the five populations (Mantel test results, p = 0.446). Small samples sizes at population 6 and 7 (n = 2 and n = 1, respectively) meant that these populations were excluded from AMOVA tests. These tests demonstrated there was no significant influence of location, year sampled or depth sampled on genetic structure. Focused AMOVA tests of the effect of cohort (shell length) within populations 4, 5, and 4 and 5 combined revealed no effect of individual size on genetic connectivity between populations.
DISCUSSION
The present study assessed the feasibility of using archived G. gladius samples to investigate patterns of genetic connectivity. Emphasis was placed on the use of standard, cost effective laboratory, and analytical approaches, because many countries that will experience vent mining activities in the near future may not have the highly developed infrastructure or experience necessary for in depth genetic connectivity research. Below, the implications of connectivity patterns for G. gladius are considered, particularly in light of proposed SMS mining activities within the New Zealand EEZ. The practicalities and limitations of the current approach are also discussed, with particular consideration given to the ability to provide robust recommendations for environmental management. (Craddock et al., 1995) and to both Bathymodiolus platifrons and Bathymodiolus japonicus off Japan, where there were 15 mitochondrial haplotypes in 40 individuals and 20 haplotypes in 41 individuals, respectively (Kyuno et al., 2009; Miyazaki et al., 2013) . The star-like pattern of the haplotype network suggests that a recent expansion event has occurred, which could result from rapid colonization of new hydrothermal habitat. Hydrothermal vent systems are ephemeral, with tectonic and volcanic activity creating new habitat that is rapidly colonized by vent organisms Tunnicliffe et al., 1997) . Many of the individuals used in this study were juveniles, which points to the possibility of a recent recruitment event. Star-like mitochondrial networks, implying recent population expansion, exist for many vent organisms (Vrijenhoek, 2010) , including B. platifrons and B. japonicus (Kyuno et al., 2009; Miyazaki et al., 2013) . There was limited genetic structure among G. gladius populations, but no significant structuring effect was evident (i.e., no effect of location/distance, depth, year or individual size). A previous study on G. gladius (then called Bathymodiolus new species NZ-1) sampled from two seamounts (Rumble V and Rumble III Seamounts; 50 km apart) also found no population structure using COI, although using allozymes, pooled populations from one seamount were different to those at the other seamount (Smith et al., 2004) . There was also no significant effect of individual size on genetic structure and no difference between populations on the same seamount (Smith et al., 2004) . These earlier results agree in general with our findings using COI from a considerably larger collection of G. gladius samples, namely that there is high gene flow between populations along the Kermadec Volcanic Arc, although limited genetic structure was identified in the current study through pairwise testing.
A lack of geographic signal in patterns of genetic diversity was also found for B. thermophilus, with no evidence for barriers to gene flow across the known species' range of 2370 km (Craddock et al., 1995) , whilst there was no effect of depth on connectivity among populations of the chemosynthetic seep mussel Bathymodiolus childressi (Carney et al., 2006) . Another study found no differentiation among populations of B. platifrons and B. japonicus inhabiting both hydrothermal vent and cold seep habitats, with extensive gene flow between populations 1500 km apart (Kyuno et al., 2009; Miyazaki et al., 2013) . Although B. platifrons and B. japonicus populations occur at both vents and seeps, which could improve dispersal through stepping-stones of reducing habitats (Smith, 1989) , to date G. gladius has only been positively identified at vent habitats. Apparent high gene flow among Bathymodiolus populations is thought to result from them having a planktotrophic larval stage, which is able to spend approximately a year in the plankton (Arellano and Young, 2009 ) and so potentially disperse over large distances. Although the reproductive mode of G. gladius has not been determined, it is thought to have planktotrophic larvae from the shape of the prodissoconch (Von Cosel and Marshall, 2003) and so could have long-lived larvae with high dispersal potential. Such larvae could be sufficiently long-lived to populate sites as far north as Macauley Volcano, facilitating genetic exchange among populations.
The large number of migrants between G. gladius populations supports the concept of panmixia, with high levels of genetic connectivity among populations. However, the degree of exchange between populations is not equal, as indicated by the differences in migration rates and relative differences in haplotypic diversity. In particular, population 3 has the highest number of migrants and it also exchanges migrants with all other populations, suggesting it could be a key population for maintaining genetic diversity within the Kermadec Volcanic Arc region. The relatively lower haplotypic diversity of population 1 suggests it could be more isolated than other populations along the Arc and so is more vulnerable to disturbance. Population 1 is also genetically distinct from populations 3 and 5 (Rumble V and Tangaroa Seamounts, respectively), which supports this concept of relative isolation. Long-lived planktotrophic larvae should be capable of reaching population 1 at Macauley Volcano, but an absence of suitable habitat between central populations and Macauley could preclude a "stepping-stone" mode of connectivity between central and northern populations. Sampling has occurred on hydrothermally active seamounts of the Arc both south and north of Macauley, but there are no records of additional G. gladius populations from sampling efforts 440 km to the north or between Macauley and Giljanes Seamount to the south, a distance of 580 km (Figure 1) . G. gladius can colonize a suite of hydrothermal habitats, including hard and soft substrata and both high and diffuse flow vent sites (Figure 2) , across a depth range of 191-884 m. Whilst G. gladius is thought to host chemoautotrophic bacteria (Von Cosel and Marshall, 2003) it may also be an opportunistic suspension feeder in the same way as B. thermophilus (Page et al., 1991) . By inhabiting multiple hydrothermal habitat types over a 900 m depth range and exhibiting a flexible feeding strategy, G. gladius increases the potential for colonization success. As a result, a lack of suitable hydrothermal habitat between Macauley and central populations seems unlikely to be the reason for the relative genetic isolation of population 1. Instead, larval dispersal distance could be limited by prevalent deep-sea currents. The East Cape Eddy may influence circulation down to 1000 m depth and so constrain the majority of larvae within the central Kermadec Volcanic Arc. The mean flow along the Arc at 1000 m is thought to be southwards from Macauley toward the central populations , which could explain the lower haplotypic diversity of population 1, as larval dispersal to Macauley could be restricted to occasions when breeding events coincide with shifts in the dominant current flow. These patterns in current flow could explain the restriction of G. gladius to the Kermadec Volcanic Arc Region. However, greater resolution on deep-sea currents along the Arc would be needed before current flow could be confirmed as the reason for the lower haplotypic diversity of population 1.
Limitations Associated with the Use of Archived Material and Generic Molecular Markers
There are known drawbacks to the use of archived material in population genetic connectivity assessments, including small sample sizes and the likelihood of low quality DNA (Wandeler et al., 2007) . However, archived material also has the potential to provide valuable samples. The G. gladius material archived in the NIC represents all of the available samples for this species, spanning the known distributional range of 830 km and nearly 8 • of latitude, thus providing an opportunity to characterize the genetic connectivity across an entire species' range. It is also a large collection in terms of number of individuals, and is therefore an appropriate target for investigation. However, of the 942 individuals available, ultimately only 150 could be used for this study. A high rate of sample loss also occurred in similar studies using archived material, such as investigations using deep-sea coral tissue (Miller et al., 2010) .
Small samples sizes can fail to capture the total haplotypic diversity, leave gaps in coverage across space or time, and limit the power of statistical tests (e.g., G. gladius AMOVA tests for the effect of location, depth, year, individual size) with the problem that such limitations complicate interpretation of the results. In the case of G. gladius, although panmixia is biologically feasible, the apparent lack of genetic structuring factors could also result from low statistical power to detect differences among populations. Although larger sample sizes would enable more robust statistical testing, it is often not possible and many deep-sea connectivity studies have to make do with far fewer specimens, in some cases less than 10 individuals per population (Miller et al., 2010; Bors et al., 2012) . As such, although the small numbers of individuals used for the present study are far from ideal, they are within the range commonly seen in deep-sea studies.
The majority of specimens omitted from this study were excluded due to low quality DNA, an acknowledged risk of using archived material (Wandeler et al., 2007) . Low quality DNA also has the potential to overestimate genetic diversity due to errors during amplification and sequencing (Sefc et al., 2007) . As DNA quality of archived material tends to decrease with time, the risk of such errors increases with specimen age. As far it was possible to ascertain, there was no evidence for a bias in genetic diversity associated with sample age, and hence presumptive DNA quality, of G. gladius. In particular, the highest genetic diversity was actually observed in the freshest sample (population 4: n = 65, haplotype = 19, sampled 2012), suggesting that the high haplotypic diversity observed for G. gladius is real and not due to preservation artifacts.
Four universal markers were trialed in this study, but only one was able to provide sequences suitable for population genetic connectivity assessment. This apparently low level of success highlights a problem with so-called universal markers-they are not necessarily applicable to all species or samples. Investment in further troubleshooting and testing is always possible but adds significant time and cost to a project, and also requires a higher level of technical expertise, which may not be available in all cases. For G. gladius, it was not feasible to troubleshoot for NADH4 or to resolve the issue of duplicate ITS sequences. Although ITS sequences have been successfully used in phylogenetic studies of other mussels, such as shallow water Perna spp. (Wood et al., 2007) , studies using ITS from Bathymodiolus spp. required an additional cloning step as part of the amplification process (Jollivet et al., 1998; Olu-Le Roy et al., 2007) , presumably to overcome the issue of multiple copies. Ideally, studies should incorporate both mitochondrial (e.g., COI) and nuclear (e.g., ITS) markers to test for patterns of genetic connectivity, but as in the case for this study, only one marker may be informative.
For G. gladius, the only successful marker was mitochondrial COI, which although commonly used to investigate interspecific genetic variation, demonstrated sufficient intraspecific variation to be used in this study. COI has been used in other deepsea studies to assess population connectivity of the squat lobster Munida gracilis and quill worm H. longibranchiata (Bors et al., 2012) and the hydrothermal vent gastropod I. nautilei (Thaler et al., 2011) . Using mitochondrial DNA from bivalves can be complicated by separate male and female mitochondrial genomes being transmitted independently to offspring (Fisher and Skibinski, 1990) . However, there is no evidence to date for gender-biased mitochondria in G. gladius' closest relatives, Bathymodiolus spp. (Won et al., 2003; Jones et al., 2006) , and mitochondrial sequences are commonly used in phylogenetic studies of this group (Smith et al., 2004; Jones et al., 2006; Fontanez and Cavanaugh, 2013) . As such, we consider mitochondrial COI to be a suitable marker for connectivity assessment of G. gladius.
The limitations encountered in this study suggest that, using the cost-effective techniques described, archived material alone may be insufficient to assess genetic connectivity. As genetic techniques, such as formalin extraction, advance and become more affordable, samples that have historically been problematic to sequence may become available for use in connectivity studies. Although, at the present, archived material alone may be insufficient for conducting relatively lowtech, cost-effective connectivity studies, it may be used as a valuable starting point to identify spatial or temporal "gaps" in existing material. This could permit the use of available resources to target gaps as priorities for the collection of fresh samples. Once suitable supplementary fresh material has been collected and sequences obtained, more robust environmental management recommendations can be made. A suggested work flow to obtain sequences from appropriate archived material, resulting in recommendations for management, is detailed in Figure 6 .
Implications for the Environmental Management of SMS Mining
SMS mining activities have the potential to impact benthic organisms, such as G. gladius, mainly through habitat removal, altered hydrothermal flow or smothering with suspended sediment (Coffey Natural Systems, 2008; Van Dover, 2011 , 2014 Boschen et al., 2013) . One of the proposed mitigation strategies for SMS mining is the designation of "set-aside" areas to preserve similar habitat and biodiversity within the region (International Seabed Authority, 2010; Collins et al., 2013a,b) . This includes the conservation of genetic diversity, with patterns in population connectivity providing important information on the sources and sinks of diversity and the potential for recolonization of impacted habitat.
FIGURE 6 | Suggested stepwise plan for using archived biological material in population genetic connectivity assessments with the aim to inform environmental management decisions.
A number of populations of G. gladius inhabit areas within the New Zealand EEZ that have been licensed for the prospecting phase of SMS mining and are potentially at risk from mining activities. The results from our study suggest that although there is generally high genetic diversity within and high gene flow among populations for G. gladius, this is not distributed equally among populations and any set-aside area or network of set-aside sites would need to take this into consideration. For example, detrimental impacts to population 1 from mining activity could result in the loss of the northern extent of the species' distribution, contracting the known species range by 4.5 • of latitude. Equally, the high haplotypic diversity of population 3 and high migrant exchange between population 3 and all other populations suggests that it may be a source population. As such, population 3 is of particular importance in maintaining genetic diversity at the metapopulation level and may require protection, because disturbance to this population from mining activities has the potential to impact genetic diversity at a regional scale.
SMS mining is expected to occur on a relatively small spatial scale, with the impacts of mining predicted to be localized. For example at Solwara 1, an SMS deposit in the Manus Basin, the area of seabed licensed for exploitation is only 0.112 km 2 , whilst the majority of sedimentation impacts are expected to occur within 1 km of the discharge site (Coffey Natural Systems, 2008) . The nature of exploitation, removing relatively small mineralrich patches within a wider area, reflects the distribution of deposits, which is determined by hydrothermal activity. Many organisms that rely on hydrothermal activity and so inhabit these deposits subsequently have a patchy spatial distribution, with the potential for small-scale genetic variation among patches that could be lost through mining activity. For example, along the East Pacific Rise, genetic differentiation was discovered between patches of the vent tubeworm Riftia pachyptila just 400 m apart (Shank and Halanych, 2007) . Although vents undergo natural habitat loss through volcanic and tectonic events, mining activities could compound this effect (Van Dover, 2011) , potentially enhancing the loss of localized-genetic structure. To investigate small spatial scale genetic differentiation, it is important to assess genetic connectivity not just over the 100 or 1000 s of km that may encompass a species' range, but also at smaller spatial scales appropriate to mining disturbance. Such a nested design was used in a study of I. nautilei in the Manus Basin and demonstrated panmixia across all spatial scales, with no barriers to connectivity between individuals among patches within an SMS deposit-mound, among SMS mounds within a site, or among sites within a vent field (Thaler et al., 2011) . In the one instance where archived samples of G. gladius occurred at multiple locations within the same seamount, Rumble V, there was evidence of genetic structure between two of the three populations. However, these populations were sampled seven years apart, so whether the difference in population structure relates to genetic patchiness within seamounts or temporal variation is unknown.
Although this study demonstrates that archived material can provide important information for environmental management, this material may be insufficient on its own for assessing the genetic connectivity of populations at SMS deposits. However, archived material can be used to inform targeted sampling (Figure 6 ). Combining archived and fresh material may be a cost effective strategy to provide samples with sufficient spatial and temporal coverage for connectivity studies at SMS deposits. Although sampling is necessary to characterize and assess the suitability of potential set-aside areas, collecting from these sites also has the potential to impact resident populations. Conducting connectivity assessments with both archived and fresh material may reduce the impact of sampling at potential set-aside sites and would be a strategy in-line with guidelines for responsible sampling at hydrothermal vents (Devey et al., 2007; Interridge, 2009 ).
CONCLUSION
The use of archived material in genetic connectivity studies is known to have limitations, many of which were encountered in this study. In particular, largely due to issues with sample preservation and DNA quality, only 16% of the cataloged G. gladius individuals yielded suitable DNA sequences for analysis. Although the connectivity results for G. gladius suggest high gene flow between populations with limited genetic structuring, small sample sizes reduced the power of statistical tests and ultimately mean results must be interpreted with caution. This study suggests that the use solely of archived material may be insufficient to generate robust results to inform management decisions. However, in the absence of fresh samples, using archived material can provide information that would otherwise be unavailable for making such decisions. Connectivity assessments using archived material may also be used to identify gaps in existing material, informing targeted sampling to provide the additional material required for robust statistical testing. Strategic sampling to fill gaps in archived sample coverage would be a practical option for studies where obtaining fresh samples is particularly challenging, such as within the deep sea. Establishing open-access reference collections for deep-sea samples, as well as the development of mechanisms whereby global genetic expertise can utilize such samples, would further facilitate the use of archived material in connectivity studies. Maximizing the use of archived material would also serve to reduce the expense and environmental disturbance of sampling for fresh material.
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